Introduction {#sec1-2396987319883445}
============

Post-stroke apathy (PSA) and post-stroke depression (PSD) are frequent neuropsychiatric consequences of stroke, with estimated mean prevalences around 30% based on previous meta-analyses.^[@bibr1-2396987319883445],[@bibr2-2396987319883445]^ Though there is substantial overlap in symptoms,^[@bibr3-2396987319883445],[@bibr4-2396987319883445]^ these syndromes seem to develop from different anatomical bases. Earlier studies suggested that PSA is associated with right hemispheric subcortical lesions,^[@bibr5-2396987319883445],[@bibr6-2396987319883445]^ while PSD is associated with left (anterior) lesions.^[@bibr7-2396987319883445],[@bibr8-2396987319883445]^ However, meta-analyses did not show strong support for this.^[@bibr9-2396987319883445],[@bibr10-2396987319883445]^ Recently, studies have focused on damage to neuronal networks being involved in the development of PSA and PSD.^[@bibr11-2396987319883445][@bibr12-2396987319883445][@bibr13-2396987319883445]--[@bibr14-2396987319883445]^ As damage to these networks can arise from both stroke lesion-related and more generalised brain damage, a broad range of imaging markers may be involved in the development of PSA and PSD.

Apathy and depression are prevalent in patients with cerebral small vessel disease (cSVD),^[@bibr15-2396987319883445][@bibr16-2396987319883445]--[@bibr17-2396987319883445]^ a condition that is radiologically characterised by extensive white matter hyperintensities (WMH), lacunes, enlarged perivascular spaces, and cerebral microbleeds (CMBs). In addition to the contribution of individual cSVD markers, the role of total cSVD burden may be of interest, as a recent cross-sectional study showed that increased total cSVD burden on magnetic resonance imaging (MRI) was associated with PSD three months post lacunar stroke.^[@bibr16-2396987319883445]^

Next to cSVD markers, previous studies have shown that also atrophy might play a role in the development of PSA^[@bibr18-2396987319883445],[@bibr19-2396987319883445]^ and PSD,^[@bibr20-2396987319883445],[@bibr21-2396987319883445]^ and microstructural damage to white matter tracts has been associated with the development of PSA.^[@bibr22-2396987319883445],[@bibr23-2396987319883445]^

More insight in the underlying pathophysiology of PSA and PSD is important, as it may help to design better treatment strategies and prevention of these syndromes. In the present study, we aimed to investigate associations between imaging markers of lesion-related and generalised brain pathology and the development of PSA and PSD during a one-year follow-up period.

Methods {#sec2-2396987319883445}
=======

Participant selection and study design {#sec3-2396987319883445}
--------------------------------------

Participants were enrolled in the 'Cognition and Affect after Stroke -- a Prospective Evaluation of Risks' (CASPER) study, a prospective clinical stroke cohort study. The study was approved by the local Medical Ethics Committee of Maastricht University Medical Center (MUMC+). Its design has been described in detail elsewhere.^[@bibr24-2396987319883445]^ All 250 eligible participants gave written informed consent. To avoid interference with acute care and rehabilitation, baseline measurements (T0) were scheduled approximately 3 months after stroke onset. At T0, neuropsychiatric questionnaires were administered by a trained research psychologist and these were repeated at nine (T1) and 15 months (T2) post-stroke. A subset received 3-Tesla (3 T) structural brain MRI at T0.

Clinical measures {#sec4-2396987319883445}
-----------------

At each assessment during the one-year follow-up period, patients were classified as having no-PSA or PSA based on a cut-off score ≥37^4^ for PSA on either the clinician-rated Apathy Evaluation Scale (AES-C) or informant-rated Apathy Evaluation Scale (AES-I),^[@bibr25-2396987319883445]^ and as having no-PSD or PSD based on the criteria for Major Depressive Disorder (MDD) or minor depression (MIND) of the Mini International Neuropsychiatric Interview.^[@bibr26-2396987319883445]^

Magnetic resonance imaging {#sec5-2396987319883445}
--------------------------

A 3 T structural brain MRI was conducted at T0 (Philips Achieva, Philips Medical Systems, Best, The Netherlands). For details see Douven et al.^[@bibr24-2396987319883445]^ Freesurfer software^[@bibr27-2396987319883445]^ was used to segment cortical gray and white matter on T1-weighted scans. WMH volume was segmented automatically on FLAIR images according to an automatic brain tissue segmentation method.^[@bibr28-2396987319883445]^ A manual correction was performed by two trained researchers (ED and DH), under supervision of an experienced neurologist (JS) (Supplementary Figure 1(A)). WMH volume was normalised to the intracranial volume (ICV) (WMH volume/ICV×100) and a natural log transformation was applied to normalise the data distribution.

Symptomatic and old stroke lesions and lacunes were indicated by an experienced neurologist (JS) and segmented manually (Supplementary Figure 1(B)). Stroke lesion volume was normalised to ICV and divided into tertiles (i.e. small, medium, and large lesion volumes). Stroke patients without a visible symptomatic lesion on MRI were classified into the small stroke volume group. The ratio of brain parenchymal volume to total ICV was used to measure whole brain volume. Global brain atrophy (GA) was calculated as 1 minus brain volume, and multiplied by 10 to ease the interpretation of odds ratios. Left and right hippocampal volume (HCV) was obtained using the Learning Embeddings for Atlas Propagation (LEAP) method.^[@bibr29-2396987319883445]^ HCV was normalised by dividing the native space volume by the affine scaling factor. Scores were divided by one thousand to ease interpretation of odds ratios.

Stroke type (ischemic/hemorrhagic), location (laterality, frontal location yes/no, basal ganglia location yes/no), laterality, and lesion type (i.e. cortical/non-lacunar, lacunar, infratentorial), presence of lacunes and other old infarcts, presence of CMBs, medial temporal lobe atrophy (MTA),^[@bibr30-2396987319883445]^ presence of extensive WMH^[@bibr31-2396987319883445]^ and enlarged perivascular spaces in basal ganglia were visually rated (for details see Data Supplement I). A well-validated scale for total cSVD burden on MRI was used, which is based on counting the cumulative presence of lacunes, CMBs, perivascular spaces, and extensive WMH.^[@bibr32-2396987319883445]^ cSVD burden scores were recoded into low (score 0/1), medium (score 2), and severe (score 3/4) burden.

Statistical analyses {#sec6-2396987319883445}
--------------------

Statistical analyses were performed with Stata version 13.1 (StataCorp, USA). Statistical significance was set at 0.05 (two-sided tests). Baseline differences between patients with or without PSD (or PSA) were tested using *χ*^2^-tests and *t*-tests, as appropriate.

A generalised estimating equation (GEE) for the binomial family with a logit-link function (population-averaged logistic model) was used to evaluate the effect of individual baseline imaging markers on the odds of PSA and PSD at any time point. An unstructured correlation matrix was included, and in order to further control for the influence of differences in standard errors across the correlation matrix, we specified robust standard errors using the Huber-White/sandwich estimator.^[@bibr33-2396987319883445]^ This yielded marginal odds ratios (OR~GEE~) and 95% confidence intervals (95% CI). In model 1, each imaging marker was tested separately, adjusted for age, sex, level of education (low, middle, high), and the categorical variable time (T0, T1, T2). The latter was included to average effects over all three time points. For the models with PSD as outcome, history of depression was added to model 1 in an additional step because of its significant association with PSD. In model 2, individual imaging predictors with a *p-*value \< 0.10 in the previous model were added and adjusted for stroke lesion volume in addition to the previous covariates to control for the correlation with other imaging markers. Then, in model 3 all variables with a *p*-value \< 0.10 in the previous model were included in the model. In addition to the previous covariates, the model with PSD as outcome was additionally adjusted for PSA as a time-varying covariate in model 3, and vice versa, to control for overlap in symptomatology at each wave. Post-hoc, we repeated the analyses with apathy measured on the continuous AES-C scale as outcome variable to examine if the results were robust. We performed a GEE for the Gaussian family with an identity-link function, which yielded parameter estimates and 95% confidence intervals.

Results {#sec7-2396987319883445}
=======

Baseline characteristics {#sec8-2396987319883445}
------------------------

Of the 250 participants, brain 3 T MRI at T0 was available for *n *=* *189. One patient was excluded from the analyses because responses given on questionnaires were considered unreliable, resulting in a total sample of 188 participants (Supplementary Figure 2 and Supplemental Table 1). Only 168 participants had volumetric imaging data available (17 patients were scanned for clinical purposes according to a different scanning protocol; in three patients there were technical problems during image processing). CMBs were counted on SWI, which were only available for 147 participants.

Compared with the no-PSA group, patients with PSA were significantly older, had a higher WMH volume, more GA, a higher frequency of severe cSVD burden, and smaller right-sided hippocampal volume ([Table 1](#table1-2396987319883445){ref-type="table"}). Compared with the no-PSD group, patients with PSD were significantly more frequently female and had more frequently a history of depression. Numbers of cases with PSA or PSD at each time point during the study, and numbers of incident and chronic PSA or PSD are presented in Supplemental Table 2.

###### 

Patient characteristics at baseline.

![](10.1177_2396987319883445-table1)

  Variables                                                                           Total*(n* = 188)   No PSD(*n* = 168)   PSD(*n* = 20)                                                       No PSA (*n* = 157)   PSA(*n* = 31)
  ----------------------------------------------------------------------------------- ------------------ ------------------- ------------------------------------------------------------------- -------------------- ----------------------------------------------------------------------
  Age in years, mean (SD)                                                             65.4 (11.1)        65.5 (10.9)         64.7 (12.8)                                                         64.2 (11.0)          71.5 (9.7)[\*\*](#table-fn3-2396987319883445){ref-type="table-fn"}
  Male sex, *n* (%)                                                                   132 (70.2)         122 (72.6)          10 (50.0)[\*](#table-fn3-2396987319883445){ref-type="table-fn"}     108 (68.8)           24 (77.4)
  Education, *n* (%)                                                                                                                                                                                                  
  ** **Low                                                                            68 (36.4)          61 (36.5)           7 (35.0)                                                            54 (34.6)            14 (45.2)
  ** **Middle                                                                         70 (37.4)          59 (35.3)           11 (55.0)                                                           57 (36.5)            13 (41.9)
  ** **High                                                                           49 (26.2)          47 (28.1)           2 (10.0)                                                            45 (28.9)            4 (12.9)
  History of depression, *n* (%)                                                      40 (21.3)          30 (17.9)           10 (50.0)[\*\*](#table-fn3-2396987319883445){ref-type="table-fn"}   32 (20.4)            8 (25.8)
  PSA (%)                                                                             31 (16.4)          21 (12.5)           10 (50)                                                             0 (0)                31 (100)
  PSD (%)                                                                             20 (20.6)          0 (0)               20 (100)                                                            10 (6.3)             10 (32.2)
  *Lesion characteristics*                                                                                                                                                                                            
  Ischemic stroke, *n* (%)                                                            176 (93.6)         157 (93.5)          19 (95.0)                                                           147 (93.6)           29 (93.6)
  Lesion side, *n* (%)                                                                                                                                                                                                
  ** **Left                                                                           80 (42.6)          74 (44.1)           6 (30.0)                                                            66 (42.0)            14 (45.2)
  ** **Right                                                                          97 (51.6)          83 (49.4)           14 (70.0)                                                           82 (52.2)            15 (48.4)
  ** **Bilateral                                                                      3 (1.6)            3 (1.8)             0 (0.0)                                                             2 (1.3)              1 (3.2)
  ** **Unknown                                                                        8 (4.3)            8 (4.8)             0 (0.0)                                                             7 (4.5)              1 (3.2)
  Frontal lesion (*n*=138)                                                            41 (29.7)          39 (31.7)           2 (13.3)                                                            35 (30.2)            6 (27.3)
  Basal ganglia lesion (*n*=138)                                                      7 (5.1)            5 (4.1)             2 (13.3)                                                            5 (4.3)              2 (9.1)
  Stroke lesion volume (% ICV; *n* = 168) *n* (%)                                                                                                                                                                     
  ** **Small                                                                          56 (33.3)          50 (33.6)           6 (31.6)                                                            47 (33.3)            9 (33.3)
  ** **Medium                                                                         56 (33.3)          52 (34.9)           4 (21.1)                                                            50 (35.5)            6 (22.2)
  ** **Large                                                                          56 (33.3)          47 (31.5)           9 (47.4)                                                            44 (31.2)            12 (44.4)
  Stroke type, *n* (%)                                                                                                                                                                                                
  ** **Cortical/non-lacunar                                                           99 (52.7)          87 (51.8)           12 (60.0)                                                           81 (51.6)            18 (58.1)
  ** **Lacunar                                                                        54 (28.7)          49 (29.2)           5 (25.0)                                                            46 (29.3)            8 (25.8)
  ** **Infratentorial                                                                 21 (11.2)          19 (11.3)           2 (10.0)                                                            18 (11.5)            3 (9.7)
  ** **Hemorrhage                                                                     12 (6.4)           11 (6.6)            1\. (5.0)                                                           10 (6.4)             2 (6.5)
  ** **Unknown                                                                        2 (1.1)            2 (1.2)             0 (0.0)                                                             2 (1.3)              0 (0.0)
  Symptomatic lesion on MRI, *n* (%)                                                  138 (73.4)         123 (73.2)          15 (75.0)                                                           116 (73.9)           22 (71.0)
  *Background damage on MRI* [\*](#table-fn3-2396987319883445){ref-type="table-fn"}                                                                                                                                   
  Lacunes and other old infarcts, *n* (%)                                             75 (39.9)          66 (39.3)           9 (45.0)                                                            59 (37.6)            16 (51.6)
  WMH volume (% ICV) (*n* = 168)                                                      0.65 (0.97)        0.64 (0.95)         0.74 (1.11)                                                         0.56 (0.91)          1.09 (1.15)[\*](#table-fn3-2396987319883445){ref-type="table-fn"}
  GA (% ICV) (*n* = 168)                                                              0.33 (0.04)        0.33 (0.04)         0.34 (0.04)                                                         0.33 (0.04)          0.35 (0.04)[\*\*](#table-fn3-2396987319883445){ref-type="table-fn"}
  HCV left (mm^3^), mean (SD) (*n* = 168)                                             2752.7 (325.8)     2746.2 (328.2)      2803.9 (310.0)                                                      2763.7 (338.6)       2695.2 (245.3)
  HCV right (mm^3^), mean (SD) (*n* = 168)                                            2809.6 (366.6)     2811.9 (359.7)      2791.7 (426.9)                                                      2840.8 (371.0)       2647.1[](#table-fn3-2396987319883445){ref-type="table-fn"} (298.4)\*
  cSVD burden (*n* = 147), *n* (%)                                                                                                                                                                                    
  ** **0--1                                                                           72 (49.0)          65 (50.4)           7 (38.9)                                                            65 (52.4)            7 (30.4)
  ** **2                                                                              40 (27.2)          35 (27.1)           5 (27.8)                                                            35 (28.2)            5 (21.7)
  ** **3--4                                                                           35 (23.8)          29 (22.5)           6 (33.3)                                                            24 (19.4)            11 (47.8)\*
  Cerebral microbleeds (*n* = 147), *n* (%)                                           86 (58.5)          77 (59.7)           9 (50.0)                                                            70 (56.5)            16 (69.6)
  ePVS in basal ganglia *n* = 187), *n* (%)                                           105 (56.2)         94 (56.3)           11 (55.0)                                                           85 (54.5)            20 (64.5)
  Abnormal MTA left, (*n* = 170), *n* (%)                                             27 (15.9)          25 (16.6)           2 (10.5)                                                            22 (15.5)            5 (17.9)
  Abnormal MTA right, *n* (%) (*n* = 170)                                             36 (21.2)          32 (21.2)           4 (21.1)                                                            29 (20.4)            7 (25.0)

Note: Differences were tested between no PSD and PSD, as well as between no PSA and PSA. cSVD: cortical small vessel disease; ePVS: enlarged perivascular spaces; GA: global brain atrophy; HCV: hippocampal volume; PSA: post-stroke apathy; PSD: post-stroke depression; MTA: medial temporal lobe atrophy; WMH: white matter hyperintensities.

\**p* \< .05.

\*\**p* \< .01.

Imaging markers associated with PSA in the first year after stroke {#sec9-2396987319883445}
------------------------------------------------------------------

A population-averaged logistic regression models with PSA as outcome showed a significant association between GA and the odds of having PSA during the one-year study period after adjusting for age, sex, and highest level of education (OR~GEE~ 5.92, 95% CI 2.36--14.86, Model 1 in Supplemental Table 3). In addition, total cSVD burden was associated with the marginal odds of having PSA during the one-year study period (*χ*^2^(2) = 7.43, *p* = .024), but was only significant for severe total cSVD burden (OR~GEE~ 2.92, 95% CI 1.28--6.67, model 1 in Supplemental Table 3). In the multivariable model (Model 2 in Supplemental Table 3), which was additionally corrected for stroke lesion volume, the association for GA (OR~GEE~ 6.51, 95% CI 2.54--16.73) and severe cSVD burden (OR~GEE~ 3.36, 95% CI 1.05--10.72) was significantly associated with PSA. After we controlled in a final step for comorbid PSD (Model 3 in Supplemental Table 3), both GA (OR~GEE~ 5.33, 95% CI 1.99--14.25) and severe cSVD burden (OR~GEE~ 3.61, 95% CI 1.34--9.68) remained significantly associated with the odds of having PSA. The results were similar when we repeated the analyses with PSA as a continuous measure (Supplemental Table 4).

Imaging markers associated with PSD in the first year after stroke {#sec10-2396987319883445}
------------------------------------------------------------------

A population-averaged logistic regression models with PSD as outcome showed a significant association between GA and the marginal odds of having PSD at any timepoint during the one-year study after adjusting for age, sex, and highest level of education (OR~GEE~ 2.82, 95% CI 1.07--7.44; Model 1a in Supplemental Table 5). As there was a significant difference in frequency of history of depression between patients with and without PSD, we tested whether history of depression was a significant covariate. History of depression was significantly associated with the marginal odds of developing PSD (OR~GEE~ 4.14, 95% CI 1.98--8.66), and therefore we corrected for this in an additional step (Model 1 b in Supplemental Table 5) resulting in that the association with GA was no longer significant (OR~GEE~ 2.20, 95% CI 0.80--6.07). Total cSVD burden was associated with the marginal odds of having PSD during the one-year study period (*χ*^2^ (2) = 4.73, *p* = .094), but was only significant for medium, not severe, total cSVD burden (OR~GEE~ 2.42, 95% CI 1.01--5.80; Model 1a in Supplemental Table 5), also after additional correction for history of depression (OR~GEE~ 3.11, 95% CI 1.24--7.79; Model 1 b in Supplemental Table 5). In Model 2, which was also corrected for stroke lesion volume, the association for medium total cSVD (OR~GEE~ 3.31, 95% CI 1.16--9.46) remained significantly associated with PSD (Supplemental Table 5). After we controlled in a final step for comorbid PSA in Model 3, medium total cSVD burden remained significantly associated with the odds of having PSD (OR~GEE~ 2.92, 95% CI 1.09--7.78; Supplemental Table 5).

Discussion {#sec11-2396987319883445}
==========

The present study showed that stroke patients with more GA or higher total burden of cSVD at baseline had elevated odds for the presence of PSA, independent of stroke lesion volume and co-morbid PSD. Patients with more GA or medium cSVD burden showed elevated odds for the presence of PSD after adjusting for relevant confounders. Further analyses suggested that the association of PSD with GA was however due to co-morbid PSA, as only medium cSVD burden remained significantly related to PSD after correction for co-morbid PSA and stroke lesion volume. No associations were found between PSD/PSA and lesion-related imaging markers (i.e. location, type, or stroke lesion volume).

Our findings suggest that GA and total cSVD burden are important predictors of PSA and regression diagnostics did not indicate any influential outliers, thus the findings are not the result of a small group of patients with PSA or PSD showing very large GA values and severe cSVD burden. Our findings are supported by different studies in stroke as well as general population studies. In two longitudinal stroke studies with 6-month follow-up, frontal cortical atrophy^[@bibr18-2396987319883445]^ and atrophic change in the dorsal posterior cingulate cortex^[@bibr19-2396987319883445]^ were associated with PSA. However, these studies used a visual rating scale for atrophy^[@bibr18-2396987319883445]^ or had a small sample size.^[@bibr19-2396987319883445]^ In patients with symptomatic atherosclerotic disease, an association was found between greater cortical volume loss and anhedonia.^[@bibr34-2396987319883445]^ This is of interest, as anhedonia is a core symptom of depression,^[@bibr35-2396987319883445]^ which overlaps with the symptomatology of apathy. In a large population-based study of healthy older adults without dementia, apathy symptoms were associated with a reduction of gray and white matter volume.^[@bibr36-2396987319883445]^ Noteworthy, these associations were found to be independent of depression. Previous studies have indicated that GA is not necessarily of degenerative origin, but is often found to be associated with cSVD.^[@bibr37-2396987319883445]^ However, in contrast with the other cSVD markers included in the total cSVD burden score, atrophy is not specifically due to cSVD, as it may also occur in other conditions and is part of normal aging.^[@bibr33-2396987319883445]^ Therefore, GA was not considered as a marker of cSVD burden here. To further explore associations between atrophy and PSA, it would be interesting to examine whether cortical thickness is specifically reduced in neuronal networks that are involved in the development of PSA.

A previous cross-sectional study found that greater total cSVD burden was associated with the presence of PSD three months after acute lacunar stroke.^[@bibr16-2396987319883445]^ Though associations between individual MRI markers of cSVD and apathy have been found before, this is the first study that found an association between total cSVD burden and PSA, suggesting that global or cumulative brain burden is more important than the presence or location of single symptomatic lesions in stroke patients. This is in line with the suggestion that cumulative brain pathology plays an important role in the development of PSA and PSD,^[@bibr11-2396987319883445],[@bibr12-2396987319883445]^ possibly by damaging microstructural networks that are involved in the regulation of mood and motivational processes. However, we cannot completely rule out the possibility that stroke location does impact the development of PSA and PSD since we included a limited number of stroke location aspects in our analyses that were associated with PSA or PSD in our recent literature review^[@bibr38-2396987319883445]^ (stroke located in frontal lobe, stroke located in basal ganglia, and stroke laterality). It remains unknown whether stroke lesions were located in neural networks that are known to be involved in the development these neuropsychiatric symptoms.^[@bibr13-2396987319883445],[@bibr14-2396987319883445]^ Lesion-symptom mapping studies could possibly shed light on this matter, while taking into account cumulative brain pathology.

The present study has several important strengths. First, a broad range of imaging markers were assessed, using both visual and volumetric ratings. Other strengths are the longitudinal design (which increased our statistical power by allowing us to include more observations of PSA and PSD), and minimal loss to follow-up. Presence of PSA and PSD was determined by validated measurement instruments and assessed at several time-points, enabling us to evaluate predictive associations. However, some limitations should be addressed. In a quarter of patients, the symptomatic stroke lesion was not visible on MRI. This limited the possibility to look at associations with specific lesion locations. In addition, our models are based on the assumption that associations remain stable over time, irrespective of whether PSA or PSD was measured at the first, second, or third measurement. Therefore, we can only conclude that we found associations with the development of PSA or PSD over the one-year follow-up period, but cannot tell whether these associations were stronger for a certain time point. This could have been studied by looking at the interaction with time, but the small incidences of PSA and PSD in our sample resulted in lack of power for these analyses. We used stepwise model building to assess associations between multiple imaging markers of the recent stroke lesion as well as cSVD and neurodegeneration as this is a standard approach to build a parsimonious model. However, it should be noted that multiple testing in step 1 (model 1) increases the chance of making a type I error due to multiple statistical comparisons, while the inclusion of multiple predictor variables in the subsequent models may increase the chance of making a type II error because the model may be underpowered due to the limited number of PSA/PSD observations. Our conclusions are based on all analysis steps, not just the final model. Finally, information on the presence or absence of apathy prior to stroke was not available in the present study, and therefore it remains unknown to what extent stroke was a contributing factor to the observed associations between the imaging variables and PSA.

In conclusion, GA and severe cSVD burden, rather than lesion-related markers, were associated with the development of PSA, independent of PSD. Only medium cSVD burden was associated with the development of PSD, independent of PSA and pre-stroke depression. Large stroke cohort studies with long-term follow-up and repeated neuroimaging over time are needed to establish how generalised degenerative and vascular brain pathology, and changes therein, are involved in the longitudinal development of PSA and PSD.
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